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CHAPTER I 
INTRODUCTION 
In recent years certain phenomena have appeared in electrical 
studies of solids which can only be explained by assuming the existence 
of electronic states located on the surfaces of the various materials. 
Subjects of investigation have included contacts and metal-semiconductor 
' I ' 1 2 Junctions , conductivity as a function of ambient atmosphere , surface 
d . . 3 h d . . 4 con uctivity , p otocon uctivity, etc. In recent work on the metal 
oxides it has been assumed that at least some of their properties are 
dependent upon surface states affected by chemisorbed hydrogen and 
2 5 
oxygen. ' 
It is the purpose of the study reported here to investigate param-
eters, particularly surface area and geometry, which should be related 
to these phenomena. The method used is the measurement of the physical 
adsorption of nitrogen on surfaces of interest. This is dependent upon 
both surface area and geometry and is a basic tool in the study of 
catalysts. Further work will attempt to utilize these results simul-
taneously with an electronic analysis of the material's behavior in 
order to determine what correlations exist. 
In this preliminary work an adsorption apparatus has been con-
structed which is capable of measuring B.E.T. surface areas on samples 
whose electronic properties may be analyzed. The material selected 
for study is stannic oxide as there is a concerted local effort to 
1 
2 
analyze its electronic structure in both crystalline and ceramic 
f 6,7,8,9 orm. In addition, stannic oxide is a large band gap semicon-
ductor which exhibits a marked response to ambient atmosphere. In the 
study of this material it has been neces.sary to assume a surface poten-
tial barrier model, which presumably is dependent upon oxygen chemi-
sorption, to explain observed effects. 9 In ceramic form the surface 
area of this material may be controlled to a certain extent during 
preparation and may also be measured independently. Samples of this 
nature should exhibit surface effects in varying degrees and as the 
surface area decreases the electronic properties should tend toward 
those of the pure crystalline substance. 
As a principal result of this study, the surface area has been 
determined for three forms of stannic oxide (powder, ceramic, and gel) 
and certain inferences made as to their pore structure. Models of con-
figuration which should be indicative of pore structure are in agreement 
with measured values. Though the gel may not be suitable for electronic 
study it should exhibit the same crystalline structure as the other 
samples and in addition it has a large surface area which makes it a 
convenient sample for surface studies by gas adsorption and I-R a bsorp-
tion techniques. It should be possible to make certain inferences from 
this type of study which will be valid for the other specimen forms. 
In addition, modi fications to the apparatus are proposed which 
will increase its accuracy, decrease its physical size, improve its 
ease of operation, decrease its cost and simplify its detail. These 
modifications are not restricted to this particular piece of apparatus, 
but should be applicable to any design of this nature. 
CHAPTER II 
THEORY OF PHYSICAL ADSORPTION 
As early as 1777 it was noticed th a t when carbon is mixed with a 
gas a reduction of total volume occurs. Shortly thereafter, in 1791, 
a colored liquid was made clear by filtering . through charcoal. Until 
- . 
the beginning of the twentieth century, however, very little quantita~ 
tive work was done on this phenomenon although it had obtained by that 
time the name adsorption. 
There are two closely related phenomena of this nature, adsorption 
and absorption. The first refers to the adsorbate (the substance being 
taken up) becoming attached to the surface of an adsorbent, while ab-
sorption occurs when the absorbate actually penetrates into the absor-
bent . Th i s latter does not imply that adsorption occurring in pores of 
the adsorbent is an absorption phenomenon. In general, the adsorbate 
may be either a liquid or a gas. This study is primarily concerned 
with gas adsorption upon solid surfaces. 
In principle, it is possible to divide adsorption into two separ-
ate classes, physical adsorption and chemical adsorption, though 
frequently it is impossible to determine which class characterizes a 
given system. The primary criterion for distinguishing the two entails 
· 10 
the heat of adsorption . In physical adsorption the heat of adsorp-
tion is roughly comparable to the heat of liquefaction of the gas. 
Chemical adsorption is characterized by much larger heats of adsorption, 
3 
roughly comparable to heats of chemical reactions. The validity of 
this distinction lies in the fact that most systems fall readily into 
one or another of the two classes. For such systems one finds that 
physical adsorption is reversible while chemical adsorption is not. 
This property is often used to distinguish the two phenomena. 
4 
Of primary interest is the nature of the surface of the adsorbent. 
Physical adsorption is well characterized from a theoretical viewpoint. 
Hence the analysis of physical adsorption is used to determine a 
surface area and structure which are also considered to be valid for 
the less well understood chemical adsorption phenomena. 
In order to characterize physical adsorption the theory must 
account for the dependence of the amount of gas adsorbed upon pressure 
and temperature. The earliest attempts utilized Henry's law which had 
been developed for the solution of gases in liquids. According to 
Henry's law the amount of gas adsorbed at constant temperature is pro-
portional to the pressure . This l aw appears to be valid at ordinary 
10 temperatures and low pressures . 
Later, Langmuir developed an adsorption equat i on. Necessary and 
sufficient assumptions for the theoretical development of this isotherm 
are: molecules are adsorbed as discrete units on discrete sites and 
there is no lateral interaction between adsorbate molecules. The -
resulting isotherm is Q = bp/l+bp where Q is the fraction of the sites 
occupied, bis a constant at each temperature and p the pressure. At 
low pressures this reduces to H~nry's law . 
The next major advance in the theory of adsorption occurred in 
1938 with the development of the B.E.T. e quation by Brunauer, Emme tt 
and Teller. Their result is of great practical utility as it involves 
5 
only two parameters and is applicable to the majority of measured iso-
therms. As its use is currently accepted as the best means of deter-
mining surface area of porous solids it is used in this study to evaluate 
the surface area of the samples. 
It is possible to theoretically derive the B.E.T. adsorption equa-
tion by several techniques. However, the kinetic methodlO is most 
easily understood without the background required by the more elegant 
statistical methods. 
In the kinetic derivation it is assumed that each gas molecule in 
the second or higher layers is adsorbed directly upon a gas molecule 
below it. On a microscopic scale a certain portion of the surface of 
the adsorbent is covered. Molecules forming the second layer are ad-
sorbed vertically upon the molecules of the first layer. The second 
layer is similarly covered in part: by the third layer, etc. Hence, on 
a microscopic scale the adsorbed gas exists in vertical piles. In 
addition, all interaction between adjacent piles is neglected. 
In order to characterize adsorption on this picture it is conven-
ient to define s0 , s1 , s2 , .. . Si ... as the areas covered by 0,1,2, ... 
adsorbed layers. The D>. is the area of the adsorbent, A. At equilib-
1. 
rium the rates of adsorption and evaporation from the ith layer must 
be equal, i.e., 
a.PS . l = b.S.e ]. l.- ]. ]. 
-E. /RT 
]. (1) 
The adsorption rate is proportional to the number of molecules striking 
the lower level per second and thus proportional to its area and the 
pressure, P, in the gas phase. The rate of evaporation is proportional 
to the area of the layer and depends exponentially upon the binding 
6 
energy and the temperature. a. and b. are the constants of proportional-
1. l. 
ity. 
The volume of gas adsorbed is given by: 
v = v )-, iS., 
O L_l l. 
(2) 
i=O 
where v is the volume of gas required to cover a unit area with a mono-
o 
layer of gas. 
The relative volume of gas adsorbed is given by: 
v r:;- = 
0 
v 
v 
m 
(X) 
l iSi 
i=-0 
(X) ' 
-\S L. i 
i=O 
(3) 
where v is the volume of gas 
m 
required to cover the surface A with a 
monolayer. 
In order to further reduce this equation it is necessary to assume: 
constant for the total surface (4) 
E2 = E3 = ... Ei =~=Heat of liquification 
of adsorbate (5) 
Thus, 
b. /a. = constant. (i = 2,3,4, ... ) . 
l. l. 
To simplify notation it is possible to define 
Similarly, defining 
a. E1 /RT 
X = 2. Pe 
b. 
l. 
(6) 
(7) 
(8) 
(9) 
one obtains 
where 
S. = XS. l 
l. l. -
= yXi-ls 
0 
Inserting these relations into Equation 3 one obtains: 
v 
-= 
v 
m 
CIC 
co' 
{1 + e _l Xi} 
i=l 
7 
(lO). 
(11) 
(12) 
Utilizing the familiar sum of a geometric series one recognizes 
that 
and 
CIC 
x 
1-X' 
CIC 
\. iXi-1 d . X 1 
= L =· dX T,:x = -(-1--X-) ""'2 
i=l 
CIC 
x 
= l iXi (1-X) 2 i=l 
These relations allow reduction of Equation 12 to: 
e x 
y_ = (1-X) 2 
v 
m 
ex 
l+ 1-X 
ex 
= ( 1-X) ( 1-X+eX) 
(13) 
(14) 
(15) 
(16) 
By considering the case when the surface is thickly covered and 
recognizing that th.e problem is ,identical with vaporization from the 
liquid phase, it is possible to evaluate X more precisely. ln gas-liquid 
8 
equilibrium, rates of condensation and evaporation are equal. There-
fore, 
a.PS 
l. 0 
(17) 
where P is the vapor pressure of the adsorbate at temperature T. 
0 
Therefore, 
ai EL/RT 
X = b.°" Pe p p 
0 
= 
l. 
Equation 16 then becomes the simple or "infinite form11 of the 
B.E.T. equation, namely: 
v CP/P 
m o 
In use, this equation is plotted in linear form, 
P/P 
0 
v(l-P /P ) 
0 
= ..1..... + .£:l P/P 
v C v C o' 
m m 
(18) 
(19) 
(20) 
which makes it possible to graphically evaluate v . Letting S be the 
m 
slope of the graph and I its intercept, it is readily shown that 
1 (21) vm - I + S ' 
One wishes to characterize the surface of the adsorbent by its 
area which makes it necessary to assume a molecular size and some sort 
of packing of the gas molecules on the surface. The majority of work 
·3 in this area utilizes as a measure of v the unit of 'cm of gas at .S. :r .r. 
m 
The accepted "area" of a nitrogen molecule is 16.2 g2 . Various pack-
ings then allow the conversion factor to range from 
A = 4. 36 v 
m 
where A has the units M2 . 
to A = 4.38 (22) 
9 
It is to be noted that the derivation makes several assumptions, 
all of which have been questioned. Many papers have been written in 
criticism of the theory but the general consensus of opinion is that 
h BET bl l "d 10,11 t e ••• areas are reasona y va i . In addition, over a re-
stricted pressure range, all major types of isotherms are fitted by the 
two parameter equations. Thus it is of great practical utility and 
remains, to date, the standard method for measurements of surface area 
of solid materials. 
One of the major assumptions of the B.E.T. theory is that the sur-
face of the adsorbent is uniform. This is not likely to be the 
10,11 
case. In addition, the theory does not take into account the 
possibility that a portion of the surface is composed of fine pores 
which fill at a certain pressure and then contribute no longer to the 
adsorption process at higher pressures. As a consequence, the isotherms 
are valid in general only over a relative pressure range from 0.05 to 
0.30. The deviation at higher pressures is attributed mainly to pore 
or capillary effects. 10 The nature of these pores has become a major 
Of d 12,13,14 area stu y. 
Pores and capillaries often cause the isotherm to deviate signifi-
cantly from an isotherm of the same material in a nonporous state. 
Brunauer classified commonly observed isotherms . into five categories 
(Fig. la) . 15 Langmuir attributed the type I isotherm to mono-layer 
adsorption. Types II and III are the normally expected isotherms on 
nonporous materials. Type II is most frequent and is associated with 
a higher heat of adsorption than the rare type III. Types IV and V 
10 
are characteristic of porous adsorbents. It is to be noted that 
types IV and V exhibit a steep portion at pressures above 0.5 P . 
0 
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Figure 1 . Brunauer's and de Boer's Isotherms. 
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I 
I 
10 
11 
12 These steep rises are attributed to the filling of pores. In addition, 
de Boer has classified five types of isotherms with a steep portion in 
either the adsorption or desorption branch (Fig. lb). He discusses a 
number of pore shapes and indicates how each characteristic shape af-
fects the appearance of the isotherm. All five of these isotherms are 
steep at high relative pressures (i.e., above 0.5) and show hysteresis. 
It is possible to analyze such isotherms and determine to some 
h f h 12,13,16 extent t e nature o t e pores. Such an analysis is based up-
on the Kelvin equation which implies that the pressure at which a 
substance liquefies is greatly lowered if the liquid surface has a 
highly concave curvature. The analysis assumes that after a few layers 
of molecules are adsorbed on the walls of a small pore they meet and 
form such a meniscus. At this point the mechanism for filling the pores 
changes to one of liquefaction. The liquid is mobile and fills almost 
immediately the entire pore resulting in the appearance of a steep rise 
in the adsorption isotherm. On desorption the pores empty by evapora-
tion from the liquid surface instead of from higher adsorbed layers. 
Since the mechanisms of adsorption and desorption are different, porous 
solids with such pores exhibit hysteresis. It is the nature of this 
hysteresis which is analyzed to determine pore shape and size distribu-
tion. In such an analysis, pores with radii larger than 300R are 
neglected as a great many layers would be required for formation of a 
1 . .d f 13 1.qu1. sur ace. 
In general, as the pore diameter increases, the pressure at which 
the isotherm becomes steep increases. The type pores just discussed 
are referred to as transition type pores as the mechanism of filling 
changes during the process of adsorption. 
12 
In addition to transition type pores it is generally recognized 
. 14 17 that very fine capillaries exist which exhibit no hysteresis. ' In 
these pores two effects occur which make a liquid interface form at 
extremely low pressures. The two involve pores of such a small diam-
eter that an adsorbate molecule interacts with a much larger area of 
the adsorbent than it would if the wall were flat. This results in a 
much tighter binding to the surface and explains the initially high 
energy of adsorption found in many cases. This stronger interaction 
causes preferential adsorption in the neck of the pore and enough 
layers of adsorbed gas are bound to form a liquid interface. The 
process of filling them appears as liquefaction on a highly concave 
meniscus. These pores are of molecular dimensions and no method has 
been developed for determining their ' size. 
As is to be expected, the steep part of the isotherm occurs at 
very low pressure. Once the pores are filled there is very little free 
surf•ce left for further adsorption and thus the adsorption isotherm 
appears flat at higher pressures. This mechanism, therefore, may also 
account for type I isotherm, without assuming mono-molecular adsorption. 
There are other properties associated with this type isotherm which in 
certain cases make the mono-molecular hypothesis untenable. It most 
frequently occurs with carbons of high surface area in the order of 
2 2000 M /gm. This high a surface area would require that each carbon 
atom contribute 4 R2 to the total surface which seems unreasonable. It 
is to be noted that graphite with a much lower surface area exhibits 
the expected type II isotherm. 
In summary, the B.E.T. equation can be applied to all five types 
of isotherms in order to calculate the mono-molecular volume and hence 
13 
the surface area, although its applicability to the type I isotherm is 
to be strongly questioned. The expected isotherm for porous solids with 
no pores less than 300 R radius or nonporous solids is Brunauer's type 
II. The type I isotherm may be associated with capillary condensation 
in pores of molecular dimensions or mono-molecular adsorption. 
CHAPTER III 
EQUI~NT DESIGN AND CONSTRUCTION 
An. adsq:i;:p:t_ipn apparatus .. raust b!;! ,:apable of r,neasuring an amount of 
gas, allowing it to come in contact with a sample then determing the 
amount of gas remaining in the gas phase. In addition, it must be able 
to change the pressure by altering some parameter such as volume or 
amount of gas in order to determine a series of points as a function 
of pressure. In order to utilize the B.E.T. equation provisions must 
be made for simultaneously observing the vapor pressure of the adsor-
bate in addition to volume of gas adsorbed and pressure. In order to 
analyze other properties of the sample such as pore structure it is 
necessary to obtain adsorption data over a range of pressures from 
nearly zero to the vapor pressure of the adsorbate (i.e., around 
atmospheric pressure for nitrogen adsoq>tion at 78° K). 
To meet these demands it is necessary for the apparatus to fulfill 
certain requirements. Such an apparatus will consist of two major 
components, the adsorption system (containing a gas burette, sample 
chamber and manometer, (Figs. 2 & 3) and associated equipment (for 
. evacuating the system, filling it with purified gas, isolating the 
system, vapor pressure measuring device, etc.).· 
In addition, the apparatus should have as small a free volume as 
possible and freedom from leaks. Provisions must be made to heat the 
sample for outgassing and then to reduce its temperature to the 
14 
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Figure 2. Detail of complete adsorption apparatus. 
(Legend on page 16) 
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LEGEND FOR FIGURE 2 
A. • . . . Gas storage bulbs 
B. • . . 0 • Hot copper trap (350 C) 
c .• ·O ••• Cold trap (78 K) 
D ••••• Silica gel trap 
E. • • Cold trap:(7s°K) 
F. , ••• Cold cathode vacuum gauge 
G, •••• Toeppler pump 
H ••••• Gas burette 
I. • • Mercury reservoir for burette 
J .• ~ •• Isolation stopcock for filling burette 
K ••••• Isolation stopcock for evacuating sample 
L. • • • • Sample bulb 
M •••• , Vapor pressure cold bulb 
N. • • Pressurizing pump for vapor· pressure device 
O ••••• Vapor pressure manometer 
P ••••• Constant volume manometer 
Q ..•.• Filter bulbs for main manometer 
R. • . . • Level adjust for constant volume manometer 
s. • Mercury reservoir for constant volume manometer 
T. • • • • High vacu1,1m manifold 
16 
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3500.n.· 0.2MEG. 
Figure 3, Detail of Manometer. 
(Legend on Page 18) 
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E 
SCALE 
0 
MANOMETER 
LEGEND FOR FIGURE '.J 
A ••••• Fluorescent light bulb 
B ••••• Movable slotted slide 
C. • . • • • Manometer tube 
D. • Glass front to manometer case 
E. • • Cathetometer meter bar 
F. • Cathetometer telescope 
G ••••• Tungsten contacts 
H. • • • • Manometer meter bar 
I. ••.• Filter bulbs 
J. • • Glass to stainless steel seal (wax) 
K. • . . • Piston pump 
L ••••• SS valve (Whitey) 
M. • • SS mercury reservoir 
N. • Electronic level indicator 
O ••••• Constant volume manometer reference leg 
18 
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temperature desired for the isotherm. Since gas pressure depends strongly 
upon the temperature, thermometers must be placed at appropriate points. 
The temperature of the manometer must also be monitored as the measured 
pressure and must be corrected for temperature effects. As with all 
equipment, better results will be obtained if the design is kept as 
simple as possible. 
Adsorption apparatii have been around for some time so it is advis-
able only to note those points which have been significantly altered 
from conventional design. A good reference for design and construction 
is Methods of Scientific Glass Blowing18 which covers design problems 
quite carefully. 
The present design includes a gas handling system patterned after 
19 Constabaris, Singleton and Halsey; a nitrogen vapor pressure manometer, 
18 
and a gas purification system ~fter Anhorn and Barr. The manometer 
is of original design utilizing the reference indicator of Anhorn and 
B 18 d . b c . h 20 arr an. suggestions y unning am. 
Because Anhorn and Barr18 and Constabaris, Singleton and Halsey19 
cover most of the details of design, most of their material is not 
reproduced here. The diagram of the complete apparatus (Fig. 2) and 
the following discussion contain sufficient information for the con-
struction of a similar apparatus though the two references may be help-
ful. 
The apparatus differs significantly from conventional design only 
in the gas burette and the manometer. These two components along with 
a discussion of tub in~ sizes and nitrogen vapor pressQre II thermometer'' 
are to be discussed. 
The main feature differing from standard design is the gas 
20 
burette (Fig. 4). The standard design contains five or six calibrated 
bulbs connected so that the largest is filled, then the next largest, 
etc., until all are filled. This results in only six or seven points 
before the system must be recharged with gas. By placing the bulbs in 
parallel (i.e., so each may be filled or emptied independently of the 
others) it is possible with five bulbs to obtain 32 points. In the 
apparatus the smallest bulb had a volume of nearly 8 3 the present cm, 
3 
next a volume of 16 cm, the third 32 cm3, the fourth 3 64 cm, the fifth 
3 128 cm. This allowed the volume of the system to be reduced in steps 
3 
of 8 cm (i.e., 8, 16, 24, 32 ... ). The volumes listed above are only 
approximate for purpose of simplicity. The actual volumes were 7.005, 
3 15.529, 31.607, 66.884, and 125.822 cm respectively. These volumes 
were evaluated by determining the mass of mercury required to fill the 
bulbs between two etched reference marks and calculating the volume from 
the density of mercury at the appropriate temperature. The accuracy of 
. 3 
calibration is in the order of Q.01 cm. The bulbs are contained in a 
water bath whose temperature is monitored by a thermometer. 
The manometer (Fig. 3) is constructed so that the pressure side is 
always at the same level when readings are taken, thus maintaining a 
constant volume in the adsorption system. This level is indicated by 
an electron ray tube with contact to the mercury made by two tungsten 
feed-throughs. This device is patterned after Anhorn and Barr. 18 The 
mercury is adjusted to approximately the proper level by changing the 
air pressure at the top of the stainless steel mercury reservoir. The 
mercury flow is then shut off by means of a valve and the small 0-ring 
sealed piston is run in or out for the final adjustment as indicated 
on the electron ray tube. 
21 
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Figure. 4. Schematic of adsorption system. 
The complete manometer is enclosed in a wood case with a glass 
front. This case has a fluorescent light behind the mercury columns 
22 
and a vertically movable slotted slide. In use this slide is positioned 
so that a narrow beam of light passes just over the mercury meniscus. 
The pressure is measured on a precision meter bar enclosed in the case. 
In addition, a cathetometer capable of reading to 0.001 cm is used to 
determine the height of the mercury above the index mark on the meter 
bar. 
Both sides of the manometer are constructed of the same piece of 
1/2" precision bore tubing to reduce capillary effects. The bulbs 
located below the manometer filter out floating impurities in the 
mercury. 
The nitrogen vapor pressure "thermometer" is patterned after the 
design of Anhorn and Barr. 1~ It consists of a simple manometer, a bulb 
to pressurize the nitrogen with mercury, and a bulb located adjacent to 
the sample. By pressurizing the gas until it partially liquefies in 
the low temperature bulb the nitrogen vapor pressure may be read directly 
from the meter bar. 
With the exception of the gas burette, the manometer and the sample 
bulb, the system is at room temperature. Thermometers are located at 
various points in order to be able to calculate volumes of gas in each 
component. As pretreatment of the sample includes heating under a 
vacuum to clean its surface, a small copper tube furnace of sufficient 
size to pass over the sample bulb is controlled by a variac. When this 
heater is in use, a mercury thermometer is hung adjacent to the sample 
bulb to monitor its temperature. 
The main vacuum manifold is constructed of l" diameter pyrex tubing. 
23 
The tubing in the adsorption system consists of 2 mm capillary to reduce 
the volume. The remaining tubing is nearly all 10 mm pyrex. The three 
gas storage bulbs are constructed from 6 liter Florence flasks. 
CHAPTER IV 
CALIBRATION AND EXPERIMENTAL PROCEDURES 
Though at first sight an. adsorption apparatus appears quite compli-
cated ·(Fig. 2), it is quite simple in. concept. The apparatus consists 
of several semi-isolated components each of which is simple in design 
and use. A gas purifying system c9nsisting of a hot copper trap, a 
cold trap and a silica gel trap is connected directly with storage 
bulbs used for storing the prepared gas. Located between the storage 
bulbs and the adsorption system proper (Fig. 4) is a Toeppler pump used 
to transfer the gas into the adsorption system. Much of the glass mani-
fold is a high vacuum system used to evacuate each component of the 
apparatus and as a II zero pressure" reference for the two inanometers. 
The adsorption system contains a gas burette, a sample bulb and manom-
eter. In addition to these components an auxiliary manifold is used to 
raise or lower the mercury levels. For simplicity it is omitted from 
the detail drawing (Fig. 2). 
A short study of the detail drawing along with the discussion in 
Chapter III should be sufficient. for operation of the apparatus. Ana,lyz-
ing the data, however, could present some difficulties and it is the 
purpose of this chapter to clarify several points, introduce a conven· 
ient method of analysis, and present the concepts of certain correc~ 
tions utilized. 
In order to present a detailed discussion it is necessary to define 
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a system of units. To be consistent with other work of this nature it 
· d · bl 1 · 3 · f d is a visa e to measure vo umes in cm, pressure in cm o mercury, an 
temperatures in degrees Kelvin. With these units the most convenient 
unit for an amount of gas is. cm3 at S. T .P. ( the amount of gas contained 
3 0 in a volume of 1 cm at 76 cm pressure and O C.). Using this convention 
it is proper to speak of an amount of gas as a volume. 
As the ideal gas law is normally valid at sub-atmospheric pressures 
and ordinary temperatures, nearly all of the system may be character-
ized by it. The only exception occurs with nitrogen gas at liquid 
nitrogen terhperatures and it is possible to introduce a correction 
factor when necessary without disrupting the scheme of analysis as will 
be shown at the appropriate time. Utilizing the ideal gas law, the 
quantity, V, of gas at S.T.P. in a volume V (i,), at temperature T (i) and 
pressure P(i) is: 
V = V (i) P(i) 
. . 76 
273.16 
'X (i) 
= (V(".)273.16) P(i) i 76 T(i) (1) 
By defining the quantity V (i) 273.16/76 as a volume factor, denoted f(i), 
the volume of gas in "n" volumes may be written: 
v = 
'n 
\ . P(i) L f (i) T (i) 
i=l 
(2) 
It is now possible to express the volume of gas in the adsorption 
system provided sufficient information is known. As different portions 
of the system (Fig. 4) are at different temperatures it is necessary 
to consider it as several volumes: 1) the gas burette consisting of 
the five calibrated bulbs, 2) the connecting capillary to the manometer 
and the sample isolation stopcock (stopcock A), 3) the capillary between 
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stopcock A and the liquid nitrogen level in the sample dewar, and 4) 
the free volume in the sample bulb up to the liquid nitrogen level. 
Volumes 1 and 2 are always connected, hence P(l) = P(2). 
Similarly P(3) = P(4). With stopcock A open all pressures are identi-
cal. There may exist temperature gradients in some portion of each 
volume. These gradients, however, are either small enough to be 
neglected or the associated volume is small leading to a small error 
as in the case with v3 where a temperature change of over 200°C exists. 
A small error in calculating f(3) will be compensated for by calibra-
tion appearing as a change in the value of f(4). 
Throughout the course of an experiment the volumes remain unchanged 
except for V(l) which is the independent variable. It is convenient to 
have a table of the 32 possible values of f(l) with the associated bulb 
settings. 
The data taken for both calibration and operation will fall in 
either of two classes: 1) A open or, 2) A closed with a known volume 
(possibly zero) of gas in V(3) and V(4). In the first case the volume 
of gas in the system for the ith point is given by: 
P> 
In the second case the last two terms will be constants (possibly 
zero). In the case of nitrogen at liquid nitrogen temperatures it is 
necessary to correct the last term by multiplying it by 
0.05 p. 18 
(1 + . ].) . 
76 
For calibration after preparation of the sample and system 
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(outgassing, evacuating, cooling the sample to - 78°K) the adsorption 
system with stopcock A closed is pressurized to about 2 cm of helium 
pressure and isolated. The volume of the burette is then varied in an 
appropriate manner and readings of pressure and temperature taken. 
(See Appendix I for a tabular method of taking data.) Stopcock A is 
then opened and the process repeated. This gives sufficient data for 
calibration and the analysis of this data is to be covered shortly. 
The data for the adsorption isotherms is taken in a similar manner 
but with nitrogen instead of helium. In this case, however, a lower 
pressure may be necessary for initial points and it may be necessary 
to add more gas to the adsorption system in order to reach higher 
pressures. This latter is readily accomplished by closing stopcock A, 
adding gas to the burette, and taking a. couple of points to determine 
the new volume of gas in volumes 1 and 2. In some cases hysteresis 
will occur and it will be necessary to approach each pressure from the 
proper direction. This is most easily accomplished by closing stop-
cock A while adjusting the burette then reopening it before taking 
readings. In addition, the nitrogen vapor pressure manometer must be 
in use in order that the vapor pressure be known at each point. 
In analyzing the data it is necessary to correct the manometer to 
standard readings. This correction involves temperature, local gravity 
and meniscus effects. As both sides of the manometer are constructed 
of the same precision bore tubing to reduce meniscus effects to a mini-
mum this particular correction is omitted. 
The temperature correction is found to be: 21 
P" = p I [l + 
l(t-t ) - m(t-t ) s · m 
1 + m(t-t ) 
m 
J (4) 
where: 
t = temperature of scale and mercury in °c 
t = temperature to which scale is corrected 
s 
t = standard mercury temperature 
m 
1 = coefficient of expansion of scale 
m = volume of coefficient of expansion of mercury 
P' = measured pressure 
P" = pres.sure corrected for temperature. 
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In addition, the above pressure is corrected to standard gravity by 
!)lUltiplying by: 
979.746 
980.665 = 
local gravity , 
standard gravity (5) 
It is possible to combine these last two equations and construct 
a table for local conditions. The table will consist of the temperature 
and an associated correction factor which is multiplied with the measured 
pressure to give the true pressure. These correction factors range from 
0.99543 at 20°C to 0.99359 at 31°C, and could feasibly be omitted with· 
out introducing significant error as in this case the gravity correction 
tended to compensate for the temperature deviation. 
In the first part of the calibration data (helium used) the system 
is governed by Equation 3 with the last two terms on the right set 
equal to zero, i.e., 
= constant. 
This equation may be rearranged to read 
f. (1) 
1 
T. (15 
1 
!+ !ill_ ! . 
v LC2Y .-v 
1 
(6) 
(7) 
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If T(2) remains constant, plotting 1/P. against f.(1)/T.(1) will result 
1 1 1 
in a straight line whose slope is 1/V, the volume of gas in the system. 
Obtaining f(2) from this graph is difficult due to its small value. 
Actually f(2) is obtained by either putting V back into Equation 6 for 
/(ff;, 
several data points and averaging the values of f(2) calculated or by 
using Equation 6 written in the form 
f. (1) 
1 f(2) 
pi = V - T. (2) pi. 
1 
(8) T. (1) 
1 
Plotting f.(1)/T.(l) P. against P. results in a straight line graph 
1 1 1 1 
whose slope is -f(2)/T.(2) from which f(2) may be extracted. 
1 
The quantity f(3) must be calculated from geometrical data. 
Equation 3 is then used to calculate f(4) either directly or by plotting 
it in a form similar to Equation 8, i.e., 
G1\ (l) f(2) f(3) ) - !.®__ T.(l) + T.(2) + T.(3) pi - V - m Pi. 
1 1 1 1 
(9) 
··•. 
In this manner both f(2) and f(4) are determined and the calibration 
complete. 
In analyzing the adsorption data the volume of gas in the system 
is determined with stopcock A closed. In the case of a recharge of gas 
the total valume of gas is given by the sum of the volumes in V(l) and 
V (2) and that gas in V (3) , V (4) and V d where V d is the volume of 
a s a s 
(lfrlr-
gas adsorbed on the sample. In any case the volume of gas adsorbed, 
Vads' is given by the difference between the total volume of gas placed 
in the system and the amount remaining in the gas phase for the ith 
point. 
In calculating the volume of nitrogen in the sample bulb one is 
again reminded that it is necessary to multiply the ideal gas volume 
by [ 1 + . ~ ~ P] . 
The data is normally presented as an isotherm with V d plotted 
a s 
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against the relative pressure P/P . The B.E.T. surface area is deter-
P/P o 
mined from a plot of V. (l-;/P) against P/P 0 in accordance with 
ads o 
Chapter III. 
CHAPTER V 
EXPERIMENTAL RESULTS 
The B.E.T. area was determined and the nitrogen adsorption isotherms 
were analyzed for three sa,mples prepared as indicated in Appendix I. As 
a check on the apparatus tli.e B.E.T. area was determined for "Baymal" 
colloidal alumina obtained from DuPont. The calculated area of 265 
M2/gm.agrees quite well with their stated value of 275 M2/gm. 22 
As measurements of this type are highly dependent upon final prepa-
ration it is felt necessary to cite with the results the details of the 
outgassing procedure. 
The powder sample used was 7. 81 gm of white Sno2 powder. Final 
treatment of the sample before the adsorption run was heating to 200°C 
-6 0 
at 10 torr overnight. The sample yielded a type II isotherm at 78 K 
with no hysteresis (Fig. 5). Application of the B.E.T. equation was 
valid to a relative pressure of 0.20 (Fig. 6) and yielded a surface 
2 
area of 1.99 M /gm. 
The ceramic sample used consisted of four ceramic pellets as de-
scribed in Appendix II. Its mass was 5.706 gm and it too was pretreated 
0 -6 
overnight at 200 C and 10 torr. This sample also exhibited a type II 
isotherm with no hysteresis (Fig. 
derived via the B.E.T. method was 
7) at 78°K. 
2 0.37 M /gm. 
valid to relative pressures of 0.40 (Fig, 8). 
The specific surface area 
The B.E.T. plot appeared 
The gel sample consisted of 0.131 gm of the white powder. Upon 
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0 -6 pretreatment at 220 under 10 torr the sample developed a yellow 
color. In contrast to the other samples the gel exhibited a type I or 
Langmuir isotherm at 78°K, again with no hysteresis (Fig. 9). The 
B.E.T. plot deviated from linearity at relative pressures above 0.20 
(Fig. 10) . 2 The B.E.T. area was evaluated to be 173 M /gm as compared 
2 to Goodman and Gregg's value of 172 M /gm for similarly treated stannic 
oxide gel. 17 
In addition, the statistical thickness, v/v , of the adsorbed 
m 
layers was calculated and plotted (Fig. 11). The powder and ceramic 
sample plots exhibited similar shapes and agreed fairly well in magni-
tude; whereas the gel plot deviated significantly, implying that the 
details of adsorption on the gel sample were considerably different. 
In the ceramic and powder samples the type II isotherm with no 
hysteresis is taken to indicate an energy of adsorption greater than 
the heat of liquefaction and suggests that no ~ignificant number of 
pores exist with radii less than 300 i. The nature of the gel isotherm, 
on the other hand, may be reasonably attributed to the presence of pores 
of molecular dimensions. 
On each sample three sets of data sufficient to obtain a B.E.T. 
area were taken. Two runs were normally required in preliminary work 
to determine what amounts of gas were required initially to yield points 
in the correct pressure range. The third run on each sample was taken 
with greater care and the complete isotherm Qbtained. The data from 
the two preliminary runs was then used as a check on the results of the 
third. 
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CHAPTER VI 
CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK 
As emphasized earlier, the adsorption properties of the powder and 
ceramic samples appeared quite similar in nature. As they both exhib-
ited a type II isotherm one must conclude that the adsorbate molecule 
"sees" a flat surface of uniform characteristics. In essence, a uni-
form surface could provide either a type II or type III isotherm behav-
ior with the distinction between the two being the energy of adsorption. 
In the case of the type III isotherm, the adsorption energy is roughly 
equivalent to a heat of condensation, while the type II isotherm ad-
sorption energy is somewhat greater resulting in a higher initial rise. 
In addition, the lack of hysteresis for both specimen forms indicates 
that the number of small pores is negligible. 
Assuming that the individual powder particles are small nonporous 
bodies with fairly uniform surfaces, it is possible to calculate the 
diameter of small spheres required to give the measured surface area. 
Such a calculation gives as the relation between surface area and 
spherical radius the equation: 
A 
4.3 X 10-7 
r 
M2 
A in~, r in M gm (1) 
3 
with 7 gm/cm. taken as the density of each particle. The measured sur-
face area gives a value of 0.43 ~icrons as the spherical particle 
diameter. This agrees well with the microscopically measured average 
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diameter of around 1.5 microns. This calculated diameter is in good 
agreement considering the simplicity of the spherical model. 
In conclusion, the powder appears to consist of solid particles 
with uniform surfaces and little pore structure. As such it will be 
useful in further work as a "standard" surface. 
The details of adsorption on the ceramic appear to be consistent 
with that of the powder. The lack of hysteresis indicates that no 
significant number of small pores with radii less than 300 ~ exists. 
It is possible to assume the existence of spherical pores in this 
material and calculate the pore diameter required to give the measured 
surface. With this model the pore radius is given by: 
r = 
3(1-X) 
PAX (2) 
where Xis the relative density of the ceramic, P the true density of 
the material and A the measured area. This yields an effective radius 
of approximately 5000 ~ which ~s consistent with the lack of hysteresis 
in the isotherm. This calculation, of course, contains the error of 
assuming all pores are spherical and are open to the surface of the 
sample. 
Further work with ceramic samples is indicated since by proper 
formation techniques the surface area may be significantly altered on 
a sample which is suitable for electrical measurements. By producing 
a series of such samples, those electrical properties dependent upon 
the surface area may be detected. This information should be generally 
applicable to crystalline samples as the ceramic exhibits a normal 
isotherm. 
Since the shape of the gel isotherm differs radically from that of 
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the powder or ceramic, one must conclude that an entirely different 
mechanism is responsible. There are at present two explanations for 
the type I or Langmuir isotherm--monolayer adsorption or condensation 
in fine capillaries. It is nearly impossible to believe that adsorp-
tion would occur only as a monolayer on a surface which in microscopic 
detail should be similar to a surface exhibiting multilayer adsorption. 
Hence, in this case, the capillary condensation picture of Pierce and 
Smith14 seems more reasonable. In this situation there is little 
credibility to such a parameter as surface area when calculated by the 
B.E. T. technique. Instead, one should speak of "adsorptive capacity" 
or some parameter related to its ability to adsorb (or condense) a 
specific gas. 
At present the gel has not been used for direct electrical studies. 
As there is the possibility that it has different impurities than the 
23 powder, it would look worthwhile to attempt to grow crystals or to 
make ceramics using the gel as a basic starting substance. Hopefully 
this could make it possible to isolate some electrical properties of 
stannic oxide which are dependent upon impurities. 
The gel, as is normally expected of gels, is a good adsorbent. 
As such it will be useful in studies requiring a large amount of ad-
sorbed material such as IR absorption and NMR measurements. In addition 
it may prove feasible to utilize it as a dessicant in studies involving 
stannic oxide as it will then not be necessary to have an impurity such 
as silica gel in the system. 
It should now be possible to extend the results of the work to 
chemisorption studies and to get an indication of chemisorbed oxygen 
coverage which can be related to electrical properties. This in turn 
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should help clarify the dependence of electrical conductivity and other 
properties upon oxygen pressure and temperature. 
CHAPTER VII 
PROPOSED EQUIPMENT DES-IGN CHANGES 
As to be e~pected and probaply hoped for, the construction and use 
of a new piece of apparatus often leads to new ideas in design. This 
has been the case during the course of this study. A major difficulty 
with the apparatus is the method of raising and lowering the mercury 
levels required for volume changes, manometry, and system isolation. 
This difficulty is due to the means of support of the mercury columns. 
In the present design the mercury is supported by air trapped inside a 
closed volume. Hence any sudden change of pressure inside the system 
allows the mercury levels to shift drastically. It would thus be advis-
able to support the mercury in another manner. 
In essence one desires a method to force the mercury level upward 
or to allow it to fall. The simplest solution is to enclose the mercury 
in a container of variable volume. By decreasing the volume the mercury 
would be pumped upward. A bellows or a small piston pump constructed 
of the proper material will provide the necessary action. 
It is proposed that all mercury levels in-the system be supported 
by small piston pumps each actuated by a screw thread. In the present 
apparatus such a piston pump on the manometer has proven quite success-
ful in an identical role. It consists of a stainless $teel cylinder 
and a piston with vacuum grease sealed o-rings. Before installation of 
mercury this pump was evacuated to test for leaks and it was found that 
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the adsorption system could be maintained at 10·6 torr indefinitely. 
In use with mercury installed this pump has worked amazingly well. 
45 
Figure 12 is a cross section of a portion of the proposed gas 
burette. The calibrated bulb in this design has been changed from a 
spherical to a cylindrical shape to allow smaller total dimensions in 
the apparatus and to reduce the size of the stainless steel block from 
which the cylinders are to be machined, The figure also shows two 
cylinders, one for coarse changes in mercury level and one for fine. 
The calibrated bulb is completely enclosed in the water qath, the back 
of which is used as a mount for much of the adsorption system as illus• 
trated in Figure 13. 
Figure 13 g;i..ves the front view of the essential parts of the system. 
The vertical piston to the left replaces the Toeppler pump without the 
use of any expensive mercury. This pump may also be used to charge the 
nitrogen vapor pressure monitoring system, again with a significant 
reduction in the amount of mercury required. Also illustrated are two 
piston-actuated mercury cut-offs which remove three stopcocks from the 
adsorption system. This part of the system is about 18 inches by 14 
inches. In addition, a ~imilar piston arrangement is proposed for the 
manometer. 
As illustrated, the proposed system will require several vacuum 
tight mercury inert seals. For such seals "Apiezon W11 wax has been 
used in the present manometer but it should also be possible to make 
them with an epoxy resin if it is sufficiently inert with respect to 
mercury. 
In summary, the proposed modification should make possible a system 
with smaller dead space thus increasing the accuracy. The mercury 
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levels can be adjusted more accurately. The ease of operation should 
be greatly improved over the current design. The chance of accidental 
mercury spills is reduced tremendously thus giving a valuable safety 
factor. In addition, an auxiliary air pressure supply, a vacuum pump, 
a pressure-vacuum manifold, and several stopcocks will no longer be 
required. The quantity of mercury necessary for the apparatus will be 
reduced by two-thirds. The cost of the stainless steel components should 
be more than compensated for by the savings above illustr.ated. 
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APPENDJ;X I 
TABULAR FORM FOR TAKING AND ANALYZING DATA 
As the experimental method requires a great deal of information 
it is helpful to take data in tabular form. It is convenient also to 
keep the analysis with the data. The tabulation method developed dur ... 
ing the course of this study resulted in 27 columns each of which was 
used in taking and analyzing data. Listed below is the number of each 
column, what it contains and, if it is to be calculated, the manner of 
calculation. The underlined numbers refer to columns and imply that 
the va'lue of that column for the point is to be used in calculation. 
For example, in colu)lln 17 P · = <11. - 14) means the number to be in-
o 
serted in that column is the vapor pressure of the adsorbate gas. The 
value is the difference in heights of the mercury levels in the vapor 
pressure manometer which are contained in columns 13 and 14. 
Column No. 
1 
2 
3 
4 
5 
6 
7 
8 
Column Title 
Time 
Remarks (A opened, closed; He, N2 etc.) 
Bulb setting 
Volume factor for bulbs, f(l) from tables 
Bar pressure (Mark lower than level) 
Bar mark on cathetometer 
Mercury level on cathetometer 
Liquid N2 level (keep within 1/2 inch of ref. pt.) 
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.. ~ 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
Temperature of room 
Temperature of manometer 
Temperature of burette 
Temperature of sample (°K) 
P0 upper 
P lower 
0 
. Bar pressure = (.2,. + l - .§) 
Absolute pressure 12. x correction factor 
P = (ll - 14) 
0 
P corrected= 17 x correction factor 
0 
Absolute pressure correction for v4 = (1 + •05P) P to 76 
compensate for deviation from ideal gas law 
V(l) = (ix 1§. t (11 + 273.2)) Volume of gas in 
calibrated bulbs 
V( 1) f(2) x 16 = 273.2 + 9 
V(3) \3) x 16 .;. (2. + 273.2) 
V(4) = f(4) x .!2. t 12 
4 I V(i) = 20 + 21 + 22 + 25 
- - -
i=l 
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Vads = Q - 24 where Q is the volume of gas in the system 
P /PO = (16 t is) 
P/Po 26 
= --=---v (1 - P/P,) 25 (1 - 26) 
ads o 
APPENDIX II 
SAMPLE PREPARATION 
The stannic oxide (Sn02) used in this study is prepared in three 
different forms which have greatly different surface properties. 
As a base material commercial stannic oxide powder (Fisher certi-
fied reagent Sno2 powder) is used. This is a fine white ·powder which 
has an average particle diameter estimated to be 1.5 microns. Powders 
of this size, assuming that each grain is non-porous, should appear as 
a "flat" .surface to the adsorbate and should exhibit either a type II 
or type III isotherm, depending upon the heat of adsorption. 
The second form under study is stannic oxide ceramic. This ceramic 
is prepared by making an acetone slurry of the powder, pressing it into 
pellets with pressures of around 10,000 p.s.i. and firing it at 1360° C 
8 for 19-20 hours. The resulting ceramic is a hard disk with 1/2 inch 
diameter and 1/8 inch thickness. It exhibits a slight pink color on 
the surface while the interior remains white. The pellet density is 
4.6 gm/cm3 compared to crystalline density of 7 gm/cm3 • The surface 
area of ceramics is expected to decrease while the shape of the isotherm 
should be determined by pore structure. Micrographs of Sno2 ceramic 
(Fig. 14) are indicative of this porous structure. 
Stannic.oxide gels were an object of study from 1915 to 1932 under 
the name of stannic acids and can be prepared by several methods. 24 
The method used in preparing the gel closely parallels that of Goodman 
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~ ) 500 X mag.aification 
b ) 1000 ma gnifica -t;j_on 
f igure JJ+. metallog-raphs of c2ramic surface 
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17 
and Gregg. For its preparation metallic sodium is dissolved in excess 
ethyl alcohol. To the resulting sodium ethoxide in alcohol solution is 
added the proper amount of stannic chloride and refluxed for thirty 
hours, resulting in stannic tetra-ethylate in alcohol solution and 
sodium chloride precipitate which is next removed by filtering. The 
stannic tetra-ethylate is poured into an excess of distilled water at 
room temperature from which Sn02 gel precipitates slowly. The prepara-
tion may be sketched in equation form as: 
The liquid is then removed by siphoning and, after washing in 
distilled water, the precipitate is dried in air at room temperature. 
Gels, in general, have a porous structure and exhibit a high sur~ 
face area. Hence they are particularly valuable for use in the study 
of surfaces. As the nature of gels is not common knowledge it is 
. d' h 1 f h · · 25 appropr1.a te to 1.scus s s ort y some o t e 1.r properties. 
Gels are coagulated colloids which may be a precipitate or a 
coherent, more-or-less elastic, solid enclosing part of the dispersion 
medium. Also included as gels are the dessicated products of the 
above. 
If the gel has a high liquid content it is termed a jelly. If it 
has a low liquid content (dessicated bodies) it is called a xerogel. 
Included in the latte.r category are the hydrous oxides of aluminum, tin, 
iron, chromium and cerium which are formed by the electrolytic coagula-
tion of hydrosols. A sol is a colloidal suspension of a solid in a 
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liquid. In the case of hydrosols the liquid is water. 
Gel formation may be considered the result of precipitation of a 
sol. In this case conditions are changed so that the dispersed solute 
is no longer soluble. This may entail a temperature change, a solvent 
change or other methods. In order for the precipitate to have the 
characteristic gel properties (porous brush-heap structure) the precip-
itation material must maintain an affinity for the solvent. In pre-
cipitation the solvent acts to support the framework of the gel. When 
the solvent is later removed, the framework exhibits a finely porous 
structure. Conditions during precipitation must be controlled to pre-
vent collapse of the framework. Thus, the final properties are highly 
dependent upon the shape of the colloidal particles and the conditions 
of precipitation. 
Since gels have a fine porous structure they are expected to 
exhibit a high surface area, and the shape of the adsorption isotherm 
is expected to be dependent upon pore and capillary effects. 
Electron micrographs (Fig. 15) of the Sno 2 gel particles indicate 
no predominate shape of the particles. The size of these particles 
0 
ranges from 100 to 1000 A in diameter. 
a) 
c) 
13,noo X r1:::1gnifica.tion 
unshacl owed 
13,000 Z magni.fication 
shnc1owec1 with chro:miwll 
b) 
d) 
13,000 ~[ magnification 
shado,rea. with chromiun 
13,nno magnification 
shadower' with chromium · 
::?igu:re 15. El ectron !!1:Lcroe;raphs of colloc1 ial (gel) pa:cticles 
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APPENDIX III 
ANALYSIS OF ERROR 
As the amount of gas in the adsorption system is given by 
T 4 PV. 4 
v 0 I __ J. _\ v =- - I g p T. L, gi 0 i= 1 ]. i= 1 (1) 
the error in determining the amount of gas in the system is 
4 t::.V. t::.Ti 1 ·, [!::.! t::.V =l v + -1:. - TJ g gi v. 
i= 1 ]. ]. 
(2) 
where the t::.'s refer to the error in measurement. In order to evaluate 
the maximum error possible it is necessary to take absolute values in 
Equation 2, i.e.: 
t::. V (Max) g 
4 
= \' V. r.1u1 + t'.1Vi. L i ... P v: 
i=l . 1 
(3) 
In evaluating the error the system may be fairly well characterized 
by the following values: 
Vol. 3 in cm 
T ].·n °K emp 
vl 
0-250±.05 
300±0. 1 
v2 
1±0.001 
300±1 
v3 
0.35±0.001 
7 8± 2 
v4 
3±0 .003 
78±0.1 
where the per cent error in v2 , v3 and v4 is taken to be roughly the 
same as the error in the gas burette and the other values indicative 
of actual conditions. The pressure ranges from 1 to 76 cm with an 
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error of about 0.01 cm. 
Evaluating this error gives for 6V (max): g 
P/Vl 5 50 100 175 250 
1 0.005 0.011 0.016 0.024 0.034 
10 0.024 0.025 0.040 0.043 0.062 
20 0.045 0.053 0.064 0.080 0.093 
40 0.085 0. 101 0.114 0.136 0 .157 
60 0.131 0.145 0 .167 0.195 0.221 
The maximum error in the volume adsorbed is twice the value of 
6V at the point of interest. g 
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Another estimate of the accuracy of the system is the data obtained 
on a small surface area sample. In the case of the ceramic sample a 
smooth curve was obtained where differences in volume adsorbed as low 
as 0.05 cm3 occurred between adjacent points. 
APPENDIX IV 
EXPERIMENTAL DATA 
Ceramic (5.7 gm) Powder (7 .,8 gm) Gel (0. 131 gm) 
P/P Vads P/P Vads P/P .. Vads 
0 . 0 0 
0.0195 0.195 0.0124 2,535 0.0176 x4,3<97 
0.0361 0.280 0 .0210 2.686 0.0301 x4.753 
0.0671 0.343 0.0332 2.956 0.0519 x5.100 
0.1136 0.411 0.0466 3 .157 0.0830 5.564 
0.1733 0.496 0.0593 3.295 0.122 5. 770 
0.2264 0.561 0.0677 3.373 0.158 6.007 
0.2607 0.584 0.0844 3.529 0.203 6 .185 
0.2956 0.655 0.1466 4.153 0.230 6.327 
0.3264 0.672 0.2416 5 .135 o.254 6.440 
0.3903 0.727 0.3471 6.167 0.294 6.524 
0.4735 0.800 0.4425 7 .161 o.337 6.629 
o. 5140 0.808 0.5040 7 .815 0,374 6.687 
0.5797 0.953 0.5662 8.537 0.408 6.690 
0.6684 1.012 o.6339 9 .218 0.463 6.737 
o. 7831 1.175 o. 7110 10.33.9 0.264 6.262 
0.9096 1.401 0 :1979 11.945 0.292 6.435 
0.9885 2.228 0.8176 12 .449 0.388 6.410 
.0. 9101 1.396 0.8499 13 .136 0.431 6.577 
0.7830 1.122 0.8902 14 .487 0.470 6.633 
0.6695 0.948 0.9235 16 .035 0.534 6 ~ 683 · 
0.5807 0.867 0.9595 19.475 0.622 6.850 
0.5151 0.767 0.9860 23.694 o. 741 6.898 
0.4710 0.759 0.9560 20.060 0.879 6,932 
0.2792 0.576 0.9207 16,538 0.979 6.933 
0.2395 .o. 522 0.8882 15,020 1.000 13.647 
0.8161 12. 812 0.979 6.977 
0.7974 12 .285 o.879 6.914 
0.7684 11. 676 0.742 6.851 
0.7144 10.615 0.621 6.927 
0.6144 9.305 0.533 6.742 
0.4168 1.646 0,469 6. 728 
0.3951 6. 918 0,430 6.691 
0.3464 6.414 0.387 6.460 
0.2724 5. 617 0.337 6,591 
0.1892 4.782 0.291 6.450 
0.1149 4.043 0.263 6.362 . ,, 
0.0952 3,877 0~232 6.259 
0.0837 3.748 0.219 6.292 
0.0460 3.327 0.125 5. 778 
0.0288 3.029 0.037 4.823 
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